Autoclaved aerated concrete is a modern construction material that gains its popularity especially due to its thermal insulation performance resulting from low volume weight and porous structure with sufficient mechanical strength. Nowadays, there are attempts to use this material for thermal insulation purposes and to replace current systems, which have many disadvantages, mainly concerning durability. The key for improvement of thermal insulation properties is therefore obtaining a material based on autoclaved aerated concrete with extremely low volume weight (below 200 kg•m -3 ) ensuring good thermal isolation properties, but with sufficient mechanical properties to allow easy manipulation. This material can be prepared by foaming very fine powder materials such as silica fume or very finely ground sand. This paper deals with the possibilities of preparation and summarizes the basic requirements for successful preparation of such a material.
INTRODUCTION
Autoclaved aerated concrete (AAC) is an inorganic material characterized by very low heat conductivity due to its porous structure. At the same time it has sufficient mechanical strength, which enables using ordinary AAC in the field of civil engineering as a masonry loadbearing element. Commonly produced AAC is manufactured by autoclaving of fully-foamed and partially hydrated mixture of siliceous materials such as ground quartz sand or fly ash, Portland cement (with high initial strength), quicklime, gypsum and water with addition of small amount of aluminium powder as a foaming agent. Foaming is caused by the generation of hydrogen which is the product of the reaction between fine aluminium powder and water in highly alkaline solutions with pH above 12 due to Portland cement hydration [1] [2] [3] . The released gas drifts up the fine mixture and creates a cellular structure which is mainly stabilized due to the fast hydration and partial setting of the binders used. Within approximately 15 minutes (depending on precuring temperature) after mixing the aluminium powder is completely reacted and a large amount of hydrogen is released causing approximately 200 -500 % volume expansion and the formation of a porous structure [1, 3, 4] . This structure is primarily responsible for the final heat conductivity due to high volume of entrapped air which significantly decreasing the heat conductivity coefficient λ of the bulk material. After several hours the partially hydrated body is cured in autoclave for approximately 15 hours at 174 -193°C using saturated steam at the appropriate pressure. From technological point of view these temperatures are optimal for tobermorite formation [1, [5] [6] [7] . The hydrothermal conditions providing by the autoclave enable the formation of several minerals based on calcium hydrosilicates. The highest priority belongs to 11 Å tobermorite, which is the main mineral structure responsible for the final mechanical properties [6] [7] [8] [9] . Today the civil engineering attention is focussed especially on systems which effectively reduce energy consumption and decrease costs associated with using of residential or industrial objects. According to this statement AAC with substantially increased thermal insulating properties, realized by minimizing of volume weight, seems to be a solution. The use of this material for thermal insulation purposes seems to be a fullyfledged alternative to standard thermal insulation systems also due to combination of water vapour permeability, sufficient strength, durability and non-flammability.
The objective of the present study is to design and successfully prepare a material based on AAC with very low volume weight and sufficient compressive strength for which a very low thermal conductivity can be expected. The preparation of such a material will follow standard technology guidelines of AAC in Europe for easy implementation of the results into real production technology. Utilization of this material could be found in the production of thermal insulation panels. In contrast to ordinary AAC, the material presented in this study is not designed for load-bearing members.
THEORETICAL
The main key to achieve better thermal insulation properties is minimizing the volume weight, which results in a larger amount of entrapped air and a more porous structure. This is the main parameter affecting the heatconductivity. From previous studies and experiences in the field of AAC it can be concluded that the volume weight can be significantly decreased by increasing the total surface area of the material mixture without increasing the dosage of foaming agent [3, 4] . Due to the higher specific surface area of raw materials (smaller particles) higher surface energy can be expected. Therefore, a large amount of released hydrogen and entrapped air can be adsorbed on individual solid particles which can be easily transported through the volume of fresh material. This effect can be mainly achieved by finer grinding of sand and using very fine powders like silica fume (SF), which has also a positive effect on tobermorite formation [10] . Unfortunately, due to the addition of fine spherical hydrophilic particles, like SF, a significant destabilization followed by coalescence of the foamed structure occurs. The reason why this effect is observed is the hydrophilic character of the raw material particles. It is well known that, together with transport of particle to the gas-liquid interface, the overall Gibbs free energy of the system is reduced, resulting in a more favourable thermodynamic conditions. The energy is consumed due to the adsorption processes. The energy reduction at a flat interface can be mathematically described by Equation 1 [11] :
where γ is the surface energy of gas-liquid interface, D p is the particle diameter and θ is the contact angle. Nevertheless, value of ΔG ads cannot be used individually as an evaluation criterion of interface stability. The argument can be used only for comparing the energy released due to adsorption of solid particles, characterized by its own thermal energy, which is the consequence of Brownian motion in the suspension. When the value of particle thermal energy is close to the particle adsorption energy, an instability of particles on the gas-liquid interface will be observed that leads to destabilization of the interface. The degree of interface stability can be described by Equation 2 [12] :
where the particle thermal energy is defined by k B T, where k B is the Boltzmann constant and T the thermodynamic temperature [11] . The value k B T can therefore be considered as a parameter affecting the stability of the gasliquid interface with adsorbed particles. This parameter enables to evaluate the stability of different foams formed by solid particles according to its particle size, wettability and foaming temperature. In the case of foam stability the adsorption and thermal energy ratio represents the main evaluation criterion. From previous experimental results it can be concluded that in the case of silica fume suspensions the stabilization effect occurs when the adsorption energy is by three orders of magnitude higher than the thermal energy [11] . Unfortunately, these foams have naturally very low stability. The reason why the foams created by inorganic hydrophilic fine particles are unstable can be found in the values of its adsorption and thermal energy which are in the most cases comparable [11, 13] .
In AAC technology it is necessary to work at relatively high temperatures (around 50 -70°C for a steady release of hydrogen) and with very fine materials to achieve a highly porous structure with low volume weight and therefore low thermal conductivity. The only way how to solve this problem in AAC technology is to reduce the particle affinity to water, i.e. the contact angle θ, by selecting appropriate admixtures. An inspiration can be found in flotation devices where the separation of solids is realized by the formation of stable foam. Stability of foam is achieved by the adsorption of watersoluble amphiphilic organic molecules with hydrophilic functional group and hydrophobic carbon chain. Monocarboxylic acids, α-substituted dicarboxylic acids, carboxylic acid derivatives (amides, esters) or primary amines can be classified in this category. When water is expelled from the gas-solid interface, compaction of solids occurs in the suspension film between pores. Therefore, foam stability satisfactorily increases [14, 15] . From empirical investigation, all fresh foams for the production of AAC with volume weight under 180 kg m -3 are highly unstable without any external stabilization system.
A mutual comparison via mechanical efficiency (ME) of AAC-based materials is mainly realized by comparing the compressive strength R p and volume weight ρ according to Equation 3 [16] :
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An empirical factor 0.016 has its origin in longterm monitoring of compressive strength and volume weight realized by producers. In general, the higher ME, the better the mechanical quality of the AAC product. For present-day products the ME value for heat-insulating load-bearing products reaches approximately 1500 Pa•kg -2 •m 6 .
EXPERIMENTAL
In our previous study [17] we investigated the influence of a substitution of ground quartz sand (S) by silica fume (SF) and the influence of specific surface s s of S used in the standard mixture mentioned above. Our goal was to prepare a material with final volume weight of approximately 120 kg•m -3 which was successful. Some basic characteristics of this material are summarized in Table 1 . The aim of the present investigation and methodology setup follows our published results presented in [17] . Therefore, the experimental data from that study are not repeated in the present paper. The primary goal of this paper is to optimize our already modified recipe containing S with optimum fineness and optimum addition of SF to minimize volume weight and maximize ME. Unfortunately, the compressive strength of the prepared samples is not fully satisfactory for maintaining self-stability (ME = 1380 Pa•kg -2 •m 6 ) and has to be increased in the optimizing process. According to previous experience from real production in an AAC production facility a compressive strength value of 0.45 MPa can be considered as a limit value necessary to maintain the integrity of the material body and the possibility to manipulate and handle the products.
The standard raw materials used in this AAC technology study are the same as in studies [10] and [17] . Quartz sand has been used as the primary SiO 2 source. No fly ash was used in this study. Additionally, high-quality undensified SF (RW Silicium GmbH) was used. The difference between the used SF and the standard one is only the white colour caused by the low content of carbon and silicon carbide. We assume that such a difference has a negligible influence on the hydrothermal reaction mechanism. According to our previous study [17] , the optimal surface area of the used S for achieving the highest ME value was calculated and such an S was prepared by grinding of raw sand in a ball mill. The calculation of the optimal specific surface area for a volume weight of 120 kg•m -3 was done by following empirical equation [17] :
where ρ is the target volume weight and s is the optimum surface of sand. This equation was derived for systems containing 30 % replacement of S by SF. The fineness of S was controlled by the permeability method according to Blaine. The material description is summarized in Table 2 . Aluminium powder (median particle diameter 25 μm) was used as a foaming agent. Due to non-toxicity and availability, glutamic acid was selected as a foam stabilization admixture in 0.3 % addition to solids. The methodology of the experiment is based on surface area modification of the primary recipe, according to an original industrial recipe characterized by the ratio of active CaO and SiO 2 (C/S). The recipe is summarized in Table 3 . The relatively high content of water assures optimal consistency, which is important for a successful foaming of the mixture.
The methodological setup is based on the optimization of the mixture characterized in Tables 1 and 3 . The optimization process includes determination of the proper mixing water temperature, water-to-solid coefficient (w/s), amount of foaming agent and increase of C/S ratio by the addition of lime to the original recipe. For each sample the quality assessment was performed according to ME and volume weight to reach maximal ME with minimal volume weight.
The compressive strength, volume weight and ME represent the quality evaluation parameters for each sample. The compressive strength R p was analysed by a Zwick Roell Toni Technik device according to ČSN EN 679. The volume weight ρ was determined by weighting of sample bodies with define volume dried at 105°C to constant weight according to ČSN EN 678.
The sample preparation methodology was aimed at simulating the real industrial technology of AAC production. Samples were prepared in moulds of approximately 9 dm 3 by the following process. All dry components were homogenized and mixed with 75 % of the total amount of mixing water. The remaining 25 % of the total amount of mixing water was used to disperse the aluminium powder. Therefore, the 0.04 % surfactant solution in 25 % of the total amount of mixing water was prepared and used for dispersion of the aluminium powder. The mould, warmed to 50°C, was filled with Table 1 . Properties of final samples from study [17] .
30 % 630 125.9 0.35 the mixture and placed for approximately 20 hours into a drying furnace which was set to the temperature of 60°C. Partially hydrated samples were autoclaved with original prefabricates at the pressure of 1.2 MPa. For mechanical analysis two cubes of 100 mm edge were prepared from autoclaved bodies and dried for 24 hours at 60°C to the residual humidity of 4 -8 %. After the assessment of R p the samples were dried to constant weight and the volume weight ρ was analysed.
For final samples, the phase composition was observed by X-ray Diffraction (X-ray diffractometer Empyrean, PANalytical). The amount of 11Å tobermorite was determined by TG-EGA with FTIR Spectrometry detection (Q600 + Nicolet IS10, TA Instruments) according to the amount of water released between 110°C and 250°C [19] .
RESULTS AND DISCUSSION
The influence of mixing water temperature t w was investigated. Figure 1 and Figure 2 show the influence of different mixing water temperature on the properties of AAC samples. It is evident that both observed values are in close correlation. The optimal water mixing temperature is 70°C where minimal ρ and maximal ME were reached. A higher temperature of mixing water has a positive influence on the foaming agent reaction where hydrogen is produced in an optimal rate and in a very short period of time. Above 70°C a substantial decrease of ME is observed which is caused by the increasing volume weight. This effect can be attributed to a very rapid reaction of the foaming agent and a strong draft of heated gas which leads to the destruction of non-set pore structure.
The influence of the water-to-solid ratio was investigated with the aim to maintain an optimal consistency of the mixture. According to Figure 3 maximal ME was reached at a water-to-solid ratio of 1.15. As can be seen on Figure 4 the volume weight decreases with increasing water-to-solid ratio as expected. Unfortunately, samples with higher water-to-solid ratio than 1.15 exhibit lower ME. The reason can be found in the pores that are excessively large. These larger pores have a lower capacity to transfer the mechanical stress than smaller ones. For the optimal water-to-solid ratio the consistency was characterized as the time of flow through a Ford Cup according to ČSN EN ISO 2431 with nozzle diameter of 2 mm. The time of flow was equal to 12 s. Figure 1 . Dependence of ME on mixing water temperature. Figure 3 . Effect of different water-to-solid ratio, consistency respectively on ME. It is expected that the amount of foaming agent x FA directly influences the total volume of the foamed body. From Figure 5 it is evident that the ME of samples shows a relatively stable character with increasing amount of foaming agent up to 0.4 %. With 0.5 % dosage of foaming agent, a rapid decrease of ME is visible. This effect can be explained also by a quite large pore diameter. Gas released due to the foaming agent reaction is normally present in the mixture in the form of small bubbles. With a higher amount of foaming agent, the number of these bubbles increases and thus the distance between them decreases. With shorter distance between the individual bubbles, the probability of and affinity to coalescence is higher. This effect leads to the formation of larger bubbles and larger pores which have lower mechanical stability. Figure 6 shows the dependence of volume weight on increasing amount of foaming agent. As expected, the volume weight decreases with increasing amount of foaming agent. As can be seen, a very low volume weight was reached at 0.4 % amount of foaming agent, where the ME still shows a stable high value. The value of volume weight with 0.5 % of foaming agent has only a slightly lower value. However, the ME is not satisfactory in this case.
The mechanical properties of AAC are primarily driven by the amount and morphology of 11 Å tobermorite and the C/S ratio. Therefore the dependence of the ME on different C/S ratios was investigated. The increase of the C/S ratio was realized by addition of lime to the mix. C/S ratios corresponding to specific addition of lime can be found in Table 4 . From Figure 7 it is evident that the ME increases approximately linear with increasing C/S ratio. However for 16 % addition of lime (C/S = = 0.629) there is a rapid decrease of ME, probably due to overheating of the mixture followed by its destabilization. A similar effect was observed for 12 % addition of lime (C/S = 0.576), despite of the fact that the ME was at its maximum. Due to the low stability and therefore the high volume weight this sample was not considered further. Due to these facts mentioned above it seems that 10 % is an appropriate addition.
Based on the results of optimization, two final recipes have been designed. Beside the recipe based strictly on the optimization data, a second type of recipe has been designed where the amount of foaming agent has been set to 0.45 % in order to maintain even lower volume weight. This modification was chosen to explore the behaviour of foaming agent near to its critical amount in the final recipe based on optimization process. The final recipes are summarized in Table 5 . The water-tosolid coefficient was set to maintain consistency defined above, with a time of flow of 12 s.
For each recipe four mixes were prepared. From each mix two testing samples were prepared which were submitted to mechanical analysis. As can be seen from Table 6 and Table 7 , both recipes reach very high values of ME together with low volume weight around 150 kg•m -3 and 130 kg•m -3 , respectively, for higher foa- ming agent content where the stability of the foam was maintained. The scatter of the results may be attributed to the non-reproducibility of sample preparation which was subordinated to the production line sequence of the AAC facility where the samples were prepared together with original AAC products. Therefore, synchronization with real production was not maintained for each sample. Different pre-setting times and therefore different internal temperatures of samples may cause problems due to thermal shock at the beginning of autoclaving. Thus structure disruption can be expected. Due to this effect the compressive strength is slightly decreased and therefore a lower value of the ME is observed. Optimization of the production sequence should lead to elimination of such an effect and the ME will reache higher values. From visual control it was evident that the structure of samples of type 2 consisted of slightly larger pores (around 2 mm in diameter) which is relatively close to approximately 1.7 mm for samples of type 1. Currently there is no other AAC material on the market with such a high value of ME. X-ray diffraction was performed to determine the phase composition, mainly in order to check the presence of phases which could have a negative influence on AAC properties. These phases are mainly xonotlite and portlandite. Results from X-ray diffraction analysis for two randomly selected samples of each recipe are summarized in Table 8 and they show expected phase compositions corresponding to standard AAC. The absence of xonotlite and portlandite was confirmed.
The same samples were submitted to TG-EGA analysis to determine the amount of 11Å tobermorite. Due to the absence of any other hydrated phases, the amount was determined from the amount of water released in the temperature interval 110 -250°C. Results show that all samples contain similar amounts of 11Å tobermorite (around 31 %). This value corresponds to standard AAC products. It can be concluded that mechanical properties are not only determined by the amount of 11 Å tobermorite but also by its morphology. When very fine particles are present in the mix as in our case (silica fume, very finely ground sand) a denser tobermorite structure is formed because the fine particles serve as nucleation centres.
CONCLUSIONS
A material based on autoclaved aerated concrete (AAC) with low volume weight was prepared. The low volume weight enables not only easy manipulation, but mainly implies a very low heat conductivity. Based on previous studies, the proposed fully-stabilized mixture containing very finely ground sand and silica fume was optimized to reach very low values of volume weight with sufficient compressive strength (more than 0.45 MPa). The optimization was performed parallel to the standard production line at an AAC facility to enable easy and fast implementation of the developed recipe into mass production. Two recipes were developed with different amounts of foaming agent. Analysis of samples prepared according these recipes shows very low volume weight around 150 kg•m -3 for the recipe with 0.4 % dosage of foaming agent and 130 kg•m -3 for the recipe with 0.45 % dosage of foaming agent. For such a low volume weight, the value of heat conductivity will be close to the value of expanded polystyrene, the main heat-insulating material used in civil engineering. As a result of the compressive strength, the mechanical efficiency reaches very high values more than 2000 Pa·kg -2 ·m 6 . Currently no commonly produced AAC material has such a high mechanical efficiency. X-ray diffraction and thermal analysis proved that there are no significant differences in phase composition between standard products and our products and the unique mechanical efficiency is caused probably by the denser tobermorite structure which is formed due to presence of very fine particles of silica fume and very finely ground sand, which act as nucleation centres.
